The dynamics of the above-ground biomass production of a grey alder plantation on abandoned farmland was investigated during 11 years after establishment. In the 12-year-old stand, the total biomass of the above-ground part of the stand was 68.8 t dry matter (DM) ha Ϫ 1 and the current annual production (CAP ) was 14.0 t DM ha Ϫ 1 year Ϫ 1 . The predicted mean annual increment (MAI) reached is maximum at the age of 16 years, which indicates bulk maturity (the stand age when CAI = MAI) and appropriate rotation time for obtaining maximum biomass production. In the case of short-rotation forestry, initial stand density should not be higher than 6500 -6000 trees per hectare. Below-ground biomass accounted for 18 and 16 per cent of total stand biomass at a stand age of 5 and 10 years, respectively. The biomass of the nodules was estimated at 155 ± 63 kg DM ha Ϫ 1 and the biomass of the fi ne roots was estimated at 870 ± 130 kg DM ha Ϫ 1 in the 10-year-old grey alder stand. Of the fi ne roots, 80 per cent and almost all nodules were located in the upper 0 -20 cm soil layer in both the 5-year-old and the 10-year-old stand. The value of leaf area index increased with stand age, ranging between 1.38 and 5.43 m 2 m Ϫ 2 during the development of the stand. Specifi c leaf area varied in different years from 11.1 to 13.5 m 2 kg Ϫ 1 .
Introduction
Considering the limited reserves of fossil fuels but also the need to reduce CO 2 emissions, more extensive utilization of biofuels, among them wood, has been discussed worldwide. In conditions of continuously rising fossil fuel prices, energy forestry and renewable energy are likely to gain more importance in the near future. The long-term development plan of the Estonian energy industry foresees a reduction in the use of fossil fuels (primarily oil shale) and an increase in the share of biofuels: by the year 2010, renewable energy must account for 5.1 per cent of total
The dynamics of biomass production in relation to foliar and root traits in a grey alder ( Alnus incana (L.) Moench) plantation on abandoned agricultural land energy consumption instead of the present 0.1 per cent. A precondition for a more extensive establishment and cultivation of energy forests is the existence of available land resources. As the area of arable land fallowed during the last decade in Estonia is ~ 400 000 ha (Estonian Rural Development Plan), the necessary land resources are available. A part of it is overgrowing naturally, and another part has been afforested. Establishment of fast growing tree species on former arable land would also provide an alternative land use. Consequently, the problems related to the establishment and management of short-rotation forests should been examined.
For short-rotation forestry in Estonia, ecologically and economically the most suitable tree is probably grey alder which is a highly productive, nitrogen fi xing and soil-improving species ( Saarsalmi et al. , 1985 ; Granhall, 1994 ; Rytter, 1996a , b ; Uri et al. , 2002 ) . Grey alder is a widespread tree species in Central and Eastern Europe. In Estonia, it is fourth in terms of forest area ( Adermann, 2004 ) . During the last half-century, the area of grey alder stands increased signifi cantly: 15 years ago, the share of grey alder stands was only estimated at 4 -5 per cent. A majority of Estonian grey alder stands grow in private forests where they make up 13.7 per cent of all stands; in state forests their share is 1.7 per cent, the total area of grey alder stands is 204 300 ha ( Yearbook Forest, 2005 ) .
Replacement of agricultural land by forest brings about various changes in the species composition of the plant cover and biomass both above and below ground. Formation of a forest ecosystem is a multifaceted and intricate process whose important mode of expression is biomass formation and accumulation. Assessment of the production capacity of stands growing on abandoned farmlands is necessary for the scientifi cally grounded management of these areas as well as for the evaluation of their optimal density and cutting age.
The biomass production of grey alder stands has been studied extensively in the Nordic countries ( Saarsalmi et al. , 1985 ; Rytter et al. , 1989 ; Granhall and Verwijst, 1994 ; Rytter, 1996a , b ; Johansson, 1999a , b ) and found to be high. In Estonia too several investigations on the biomass production and nutrient status of natural and artifi cial grey alder stands have been published in the last decade Tullus et al. , 1996 ; Uri et al. , 2002 ; Uri et al. , 2003a ) ; riparian grey alder stands as potential buffer zones have been dealt with as well ( Mander et al. , 1997a , b ) . However, the capacity for biomass production and development of alder stands on arable land has been less studied.
The present pilot study focused on the dynamics of biomass and foliar parameters, as a continuous 11-year time series and below-ground biomass in a 5-year-old stand and in a 10-yearold stand. The results of the study are crucial for a better understanding of the development of stands growing on former agricultural land and for optimization of the rotation period, as well as for compiling carbon accumulation and nutrient budgets Uri et al. , 2004 ) .
The working hypothesis of the present study was that young grey alder stands on abandoned agricultural land have high capacity for biomass production because of their effi cient canopy structure and root systems. We also hypothesize that grey alder should be a promising species for short-rotation forestry because growth of alder stands culminates between 15 and 20 years of growth which is optimal cutting age.
The main aims of the study were as follows:
1 to analyse the dynamics of the above-ground biomass and production of a short-rotation grey alder plantation on former agricultural land in relation to optimal cutting age; 2 to estimate the dynamics of biomass allocation in the above-and below-ground parts of the stand and 3 to analyse the foliar and root traits during the development of a young grey alder stand in relation to productivity.
Materials and methods

Plantation
The study was based on an experimental area located in the south-eastern part of Estonia, Põlva county, 58° 3 ′ N and 27° 12 ′ E. According to the data of the Võru meteorological station, which is the closest to the experimental area, mean annual temperature is 6°C, mean precipitation is 653 mm and mean length of the vegetation period is 191 days. The experimental plantation was established on abandoned farmland in spring 1995.
One-year-old transplants of natural origin were used for planting. The survival and growth of the planting stock of different origin is described previously ( Uri and Tullus, 1999 ) . The total area of the plantation was 0.08 ha. Before the establishment, the area had been out of use for 2 years. No soil preparation was done before planting. The soil is classifi ed as Eutric Podzoluvisol (according to the Food and Agriculture Organization classifi cation). Initial density was 15 750 trees per hectare. The plantation was established with high primary density proceeding from the high density of natural grey alder stands and considering the experience of energy forestry in the Nordic countries where an initial density of up to 40 000 trees per hectare was used ( Elowson and Rytter, 1988 ; Saarsalmi, 1995 ) . No weed control, fertilization or other treatment was employed. Nor did the study involve any repetitions.
Estimation of above-ground biomass and production
The above-ground biomass and production of the stand was always estimated at the end of August when the process of biomass formation was completed; dimension analysis ( Bormann and Gordon, 1984 ; Uri et al. , 2002 Uri et al. , , 2003a was used. Biomass estimation for 2000 -2005 was considered; the values of survival, growth and biomass production during the fi rst 5 years of the stand have been published earlier ( Uri and Tullus, 1999 ; Uri et al. , 2002 ) . The stem diameter at breast height ( D 1.3 ) of all trees was measured. The trees were divided into fi ve classes on the basis of D 1.3, and a model tree was selected randomly from each class. Additionally, a tree was felled from two classes with a larger number of trees. A total of seven model trees were felled every year. In all cases, the sample trees were felled in the middle of the sample plot to avoid the edge effect. The stems of the model trees were divided into fi ve sections: the fi rst section at a height of 0 -1.3 m and the second section from a height of 1.3 m up to the living crown; the living crown was divided into three equal layers. In the sections, the living branches were divided into fractions: the leaves, the current year shoots, the older branches and the dead branches were separated. From every fraction, a sub-sample was taken for estimation of dry matter (DM) content as well as for chemical analysis. The samples were dried at 70°C until constant weight and weighed to 0.01 g. The share of the wood and bark of stems was determined. The dry mass of different fractions was calculated for each model tree by multiplying respective fresh mass by the DM ratio ( Uri et al. , 2002 ; Uri et al. , 2003a ) .
To estimate the above-ground biomass or leaf area index (LAI) of the plantation, an allometric equation of form (1) provided the best fi t:
where, y is the dependent variable (above-ground biomass of a model tree (g) or leaf area (m 2 )), D 1.3 is the breast height diameter (cm), a and b are parameters ( Table 1 ) . For estimation of biomass of the different compartments (current year shoots, old branches and leaves), we failed to develop a reliable allometric equation ( P > 0.05). Hence, we used for estimation of the biomass of these compartments at the stand level the percentage distribution of the fractions obtained on the basis of the model trees, which was very stable as proved by earlier investigations ( Uri et al. , 2002 ; Uri et al. , 2003a , Uri et al. , 2007a . For the data of 2001 -2006 , the difference between the mass of the stems found by using an allometric relationship and by using percentage distribution of the fractions remained between 1.2 and 3.3 per cent.
The annual production of the stemwood, bark and branches was calculated as the difference between the masses of the respective fractions for the studied year and for the previous year.
In 2004, above-ground biomass was not estimated, therefore above method in 2005 yielded a production estimate for the two previous years. To ( Whittaker and Woodwell, 1968 ) 
where, W i is the annual dry mass increment of wood (g), W 0 is the dry mass of wood (g), r is the radius of the analysed disk (mm), i is the thickness of an annual ring (mm). Using the obtained data, the areas of the annual rings for 2004 and 2005 and the respective shares of annual current increment in stem production were calculated. The relative increments of the fractions of the wood and bark were assumed to be equal.
Estimation of below-ground biomass
The below-ground biomass of the stand was estimated in October 1998 and in October 2003, i.e. for the 5-year-old and for the 10-year-old stand. Two different methods were used: excavation of the root system of the model trees for estimation of the biomass of the stump and the coarse roots (d ≥ 2 mm) and soil coring for estimation of the biomass of the fi ne roots (d < 2 mm) and nodules.
The three model trees were selected randomly according to their diameter distribution, so that the minimum, maximum and average diameter classes were represented. The excavated root systems were carefully washed, placed in plastic bags and separated in the laboratory on the following day into the following fractions: the nodules, d < 2, 2 ≤ d < 5, 5 ≤ d < 10, d ≥ 10 mm and the stump. For determination of the DM ratio, a subsample was separated from each fraction, and the dried samples were weighed to 0.01 g. The dry mass of each fraction was calculated. The below-ground coarse root (d ≥ 2 mm) biomass of the stand was calculated by two different methods ( Uri et al. , 2002 ) :
1 Use of the above-ground biomass and the average root ratio (share of the root system in the above-ground biomass of the model trees).
2 Use of an allometric relationship between breast height diameter and mass of the root system.
Both methods provided similar results for coarse root biomass. Root coring was used to estimate the biomass of the nodules and the d < 2 mm roots ( Vogt and Persson, 1991 ) . Twenty (1998 Twenty ( ) or 25 (2003 soil cores were taken randomly over the whole plantation with a cylindrical soil auger (diameter of the cutting edge 48 mm). The soil cores were divided into four 10 cm layers to a depth of 40 cm, placed in polyethylene bags and kept in a refrigerator until processing. Roots and nodules were washed out of the soil cores in the week after sampling. Further, the fractions of the fi ne roots and the nodules were separated under the binocular microscope and cleaned from soil particles. Dead nodules, dead roots and roots of herbaceous plants were separated as well; however, these fractions were not included in the present study. The samples were dried up to 70°C and weighed to 0.001 g. The soil core data were used for the calculation of the biomass of the fi ne roots and the nodules per hectare, summing up the average values for the successive soil layers from the soil cores. The share of the fi ne roots and nodules in the root systems was calculated.
Estimation of foliar parameters
The living crown of the model trees was divided into three equal layers. In the period 1997 -2005, annually (except in 2004) , 20 -25 leaves were randomly taken from each crown layer of the seven model trees (60 -75 per model tree) and dried under pressure. Average leaf blade area (ALA) (including the petiole) was measured using the program WINFOLIA (Regent Instruments, Inc.). All measured oven-dry leaf blades were weighed to 0.001 g. Specifi c leaf area (SLA m 2 kg Ϫ 1 ) and LAI (m 2 m Ϫ 2 ) were calculated.
The leaf samples were analysed for total Kjeldahl nitrogen. The block digestion and steam distillation methods were used for testing the plant material for nitrogen concentration (Tecator AN 300). The analyses were performed at the Biochemistry Laboratory of the Estonian University of Life Sciences. Annual nitrogen (N) accumulation in leaf biomass (kg ha Ϫ 1 year Ϫ 1 ) and leaf nitrogen content per leaf unit area (g m Ϫ 2 ) were calculated.
Foliar assimilation effi ciency (FOE) was calculated by dividing current annual production (CAP) by leaf mass (kg kg Ϫ 1 year Ϫ 1 ). Photosynthetic nitrogen use effi ciency (PNUE) for the above-ground part of the stand was calculated as production per unit of leaf nitrogen ( Lambers et al. , 1998 ) .
Modelling of the dynamics of stem biomass
Three different growth functions were tested for predicting stand growth:
1 The well-known Richards ' ( 1959 ) function can be expressed as
where, y is the above-ground biomass at stand age (t ha Ϫ 1 ), y max is the maximum above-ground biomass, a function parameter (t ha Ϫ 1 ), b , c are function parameters. According to the Richards ' growth function, the CAP of above-ground biomass can be expressed as As the stand was planted, stem mass growth was inhibited in the beginning. Hence, for a better fi t, a time shift of 1 year was used for all growth functions, which means that variable t in equations (3 -8) equals to plantation age minus 1 year.
In this study, the NLIN procedure of SAS the software version 8.2 was used which enabled us to calculate the least squares estimates of the function parameters with standard errors and regression predictions with their confi dence limits. The initial values for the estimation of the parameters were obtained from reference books on growth function ( Kiviste, 1988 ; Kiviste et al. , 2002 ) .
Statistical methods
Normality of the variables was checked by the Lilliefors and Shapiro -Wilk tests; fi ne root mass in the soil cores and SLA were normalized by logor root transformation. The data of model trees were analysed by correlation analysis (Pearson correlation) and regression analysis. For fi nding allometric relationships (1) , D 1.3 served as the independent variable in all cases. One-way analysis of variance (ANOVA) was used for checking the impact of the crown layer on foliar parameters. The Tukey HSD test in the case of unequal samples sizes was used for multiple comparison of the means. The assumptions of ANOVA were not satisfi ed to check differences between the fi ne root samples taken from different parts of the plantation; hence, the non-parametric Kruskal -Wallis analysis of variance was used. Rank correlation analysis (Gamma correlation) was employed to estimate the relationship between tree size and the foliar parameters. The software STATISTICA 7.1 and SAS 8.2 were used and the signifi cance level α = 0.05 was accepted in all cases.
Results
Dynamics of above-ground biomass
The decrease in the number of trees during the fi rst decade was very intensive and average height increment was 1.1 m per year. After canopy closure in 1998, the annual mortality of the trees varied between 450 and 2060 trees per hectare ( Table 2 ) . n.e. = not estimated. It was lower in the dry years 1999 and 2002 (450 and 500 trees per hectare, respectively). However, in the 2 years following the dry years, the mortality of the trees was 1.7 -4.6 times higher (750 -2060 trees ha Ϫ 1 year Ϫ 1 ). The number of trees per hectare decreased exponentially ( R 2 = 0.98, P < 0.001). Diameter increment was 13 -29 per cent less in the dry years than in the years preceding drought years; a reduction in diameter growth was also observed in the 2 years following drought (up to 38 per cent in comparison with the year preceding drought). The stem mass and the total above-ground biomass of the 12-year-old grey alder stand reached 58 and 69 t DM ha Ϫ 1 , respectively ( Figure 1 ) .
Because in 2004, model trees were not taken the annual wood production was estimated on the basis of the annual rings of the stem sections. As comparison of the areas of the annual rings of the stems for 2004 and 2005 (64.5 ± 10.5 and 66.4 ± 8.4 mm 2 , respectively) did not reveal any signifi cant difference ( P > 0.05), the CAP of the stemwood for 2004 and 2005 were considered equal and total stemwood production in the 12-year-old stand was estimated at 7.29 t DM ha Ϫ 1 ( Table 3 ) . Earlier (1995 Earlier ( -1999 production data are published in Uri and Tullus (1999) .
A decrease in the production of leaves and branches occurred in the dry years of 1999 and 2002. However, stem production decreased in 2002 and even in 2003 but not in 1999 ( Table 3 ; Uri et al. , 2002 ) .
For prediction of optimal cutting age, three different growth functions were tested. The most optimistic predictions of stem biomass were obtained using the Richards ' and Hossfeld functions with an asymptote of 207 and 173 t DM ha Ϫ 1 , respectively ( Table 4 ) .
The age of maximum mean annual increment (MAI) obtained with the Richards ' function exceeds 21 years but, according to the Weibull function, it is 16 years ( Table 4 ). For prediction of stand growth, the Weibull function was selected on the basis of maximum predicted stem volume ( Figure 2 ) , which in the case of this function was more realistic ( Table 4 ); this procedure is described in more detail in Discussion.
Below-ground biomass
Using the average share of the root systems of the model trees, below-ground (d ≥ 2 mm) biomass was calculated as 8.7 ± 0.3 t DM ha Ϫ 1 for the 10-year-old stand.
Employing regression equation (9) , developed on the basis of the data of the three model trees, a similar result, 8.7 t DM ha Ϫ 1 , was obtained. 
R 2 = 0.999 , P < 0.001 , where, y is the mass of the coarse fraction (d > 2 mm) of the below-ground part of tree (g), D 1.3 is the breast height diameter of tree (cm). No statistically signifi cant differences appeared between the fi ne root densities (g m Ϫ 2 ) for samples taken from different parts of the plantation (Kruskal -Wallis ANOVA, P > 0.28). The average biomass of the nodules in the 10-yearold stand, calculated on the basis of the soil cores, was 156 ± 60 kg DM ha Ϫ 1 . Analysis of the vertical distribution of the living nodules revealed that 81 per cent of them were located in the upper 10 cm soil layer and almost all nodules were contained in the layer with a depth of 0 -20 cm.
The mass of the fi ne roots (d < 2 mm) was estimated at 870 ± 140 kg DM ha Ϫ 1 of which more than half (57 per cent) were located in the upper 10 cm soil layer and 80 per cent were located in the upper 20 cm soil layer ( Figure 3 ). The share of fi ne roots in total root biomass was estimated as 20 per cent in the 5-year-old stand and 8.9 per cent in the 10-year-old stand. The share of nodules in total root biomass in the 5-year-old stand and in the 10-year-old stand was 6.3 and 1.6 per cent, respectively.
Total below-ground biomass (9.7 t DM ha Ϫ 1 ) in the 10-year-old grey alder stand accounted for 16.4 per cent of total stand biomass.
Foliage characteristics
SLA showed a normal distribution for different years; cube root transformation was used for the normalization of the leaf masses and square root transformation was used for normalization of the leaf areas. ALA for the study period (1997 -2005) varied from 18.6 to 30.5 cm 2 , single leaf mass from 179 to 266 mg and SLA from 11.6 to 13.9 m 2 kg Ϫ 1 . Relative error for all foliar parameters was <5 per cent. Regarding all foliar parameters, the crown layers displayed signifi cant differences ( P < 0.01). The leaves with the largest blade area and the largest mass were located in the highest layer, both characteristics decreasing towards the lower layers. SLA was signifi cantly larger for the lower crown layers (Tukey test, P < 0.001). Although the effect of stand age proved signifi cant for all leaf characteristics (leaf area, leaf mass, SLA), it did not reveal any stand age related trend for any of the characteristics.
Analysis of the impact of tree size ( D 1.3 ), i.e. hierarchical position of tree in the stand, on the foliar parameters in different years showed that the effect on single leaf area was insignifi cant, whereas the effect on single leaf mass proved signifi cant (Gamma correlation, P < 0.01). The leaves of the trees with a large diameter also had lower SLA (larger trees have thicker leaves and/or higher tissue density).
The value of LAI for 1997 -2005 was estimated as ranging between 1.38 and 5.43 m 2 m Ϫ 2 . The effect of the year on LAI was signifi cant, with LAI decreasing in the unfavourable years ( Figure 4 ). LAI increased with increasing tree age together with the mass of leaves per hectare; LAI and mass of leaves were highly correlated ( R 2 = 0.99, P < 0.001). The correlation between LAI and wood + bark production was less signifi cant ( R 2 = 0.60, P < 0.05).
Leaf N% increased until canopy closure from 2.77 to 3.94 per cent, decreased during the two subsequent years and stabilized thereafter, fl uc- tuating slightly around the 3.5 per cent level. Nitrogen content per leaf area (NLA, g m Ϫ 2 ) decreased hyperbolically after canopy closure and stabilized at 2.5 g m Ϫ 2 ( R 2 = 0.98, P < 0.001). FOE for the same period ranged between 3.4 and 6.6 kg kg Ϫ 1 year Ϫ 1 depending on weather conditions in a particular year; PNUE ranged from 87 to 206 kg kg Ϫ 1 year Ϫ 1 . There was no signifi cant correlation between FOE and stand age. FOE increased in the dry years (1999 and 2002) when leaf mass and LAI were low ( Figure 4 ) . FOE and PNUE were highly correlated ( R 2 = 0.98, P > 0.001).
Discussion
Here, we present the preliminary results based on a chronosequence study of a grey alder stand on abandoned agricultural land, which enabled us to obtain information about stand development and the factors affecting it. Although a large number of young grey alder stands are regenerated on abandoned agricultural land in Estonia, the growth and development of such stands as well as numerous related aspects are yet poorly investigated. The CAP of above-ground biomass in the 12-year-old grey alder stand was 13.9 t DM ha Ϫ 1 and the annual production of the overbark stems was 8.4 t DM ha Ϫ 1 , which can be considered high. In Estonia, the highest CAP value, 14.8 t DM ha Ϫ 1 , was estimated for a 6-year-old natural grey alder stand ( Tullus et al. , 1998 ) . The highest reported value of the CAP (stem and branches) of grey alder is 17 t DM ha Ϫ 1 which was estimated for a 5-year-old irrigated and fertilized stand ( Granhall and Verwijst, 1994 ) . Rytter et al. (1989) found the mean annual production of above-ground woody biomass for a fertilized sphagnum peat bog grey alder stand to be nearly 11 t DM ha Ϫ 1 in the seventh year of growth. According to Saarsalmi et al. (1985 ) , total biomass in a 5-year-old grey alder plantation was 31 t ha Ϫ 1 and mean annual production was 8.5 t ha Ϫ 1 . Telenius (1999) found that in 6-year-old grey alder plantations total biomass was 27 t ha Ϫ 1 and annual production 8.6 t ha Ϫ 1 . One of the most widely discussed issues in short-rotation forestry is optimization of the rotation period, which is related to the maximum value of CAP. The purpose is to maximize biomass production in as short time as possible; a stand should be cut when CAP falls below MAI (bulk maturity). The experience reported in the literature allows us to conclude that in order to maximize the yield, dense plantations with a rotation period of 10 -20 years can be recommended ( Rytter, 1996b ) . In a fertilized peat bog experiment, annual woody biomass increased continuously up to 7 years ( Rytter et al. , 1989 ) . Johansson (1999b) notes that grey alders grow fastest at the age of 5 -10 years. In our study, the CAP values for the stems were quite similar for the 8-year-old stand and for the 12-year-old stand, 8.2 and 8.4 t DM ha Ϫ 1 year Ϫ 1 , respectively. Thus, the CAP of the 12-year-old-stand had not yet started to decline and optimal cutting age for a grey alder stand growing at such a fertile site is >12 years. CAP fl uctuated during the study period depending largely on weather conditions in different years. The summers of 1999 and 2002 were very dry and the decrease in CAP in those years ( Figure 2B ) can be mainly explained by unfavourable weather conditions. A signifi cant fl uctuation in CAP for a grey alder stand in different years was also noted by Rytter (1995) .
All three growth functions tested in the study showed an almost similar fi t for the stand measurement data. The residual standard error of the Richards ' function is slightly higher than that of the Hossfeld or the Weibull function ( Table  4 ) . There is no signifi cant difference in the age of maximum CAP (11 or 12 years) calculated by different functions, either. We selected the Weibull function for prediction of the maximum stem biomass of the stand on the basis of maximum stem mass. The respective values calculated according to the Richards and Hossfeld functions are 207 and 173, respectively. According to Hakkila (1971) , the basic density of grey alder stems is 361 kg DM m Ϫ 3 and according to Johansson (2005) , it is 359 kg DM m Ϫ 3 . We used an average value, i.e. 360 kg DM m Ϫ 3 , in which case the maximum standing stock according to the Richards and Hossfeld functions would be 575 and 480 m 3 ha Ϫ 1 , respectively, which are clearly overestimated values. In different yield tables from Lithuania (Jankauskas), Belarus (Yurkevich) and Latvia (Murnieks) maximum stock values are 349, 286 and 373 m 3 ha Ϫ 1 , respectively ( Krigul, 1971 ) . In an overmature riparian grey alder stand, stem biomass was estimated at 105 t DM ha Ϫ 1 . Hence, from the viewpoint of prediction of maximum stem mass, the Weibull function shows the best fi t. This explains why, for the prediction of stem biomass, using the Weibull function -with the age of a MAI maximum of 16 years ( Table 4 , Figure 2B ) -is more plausible compared with the Richards or the Hossfeld function. According to Rytter (1996b) , MAI culminated at stand age 13 years and, according to Raukas (1930) , at about 15 years.
Another important issue in silviculture and in short-rotation forestry is optimal initial stand density, on which depend biomass production per area unit, on the one hand, and the cost of the establishment of the plantation on the other. In the 12-year-old stand, 6780 trees per hectare had survived. Johansson (1999b) pointed out that in a dense stand growing at a fertile site, especially on former farmland, thinning should be done at a young age (<5 year) and the number of stems should not exceed 2000 trees per hectare if the stand is managed for timber production. However, such density seems to be too low for the 5-year-old short-rotation grey alder stand, as biomass production per area unit depends largely on the number of stems.
In a thinned grey alder stand in Sweden, there were 6400 stems per hectare and in an unthinned stand of the same age, the number of trees was 22 500 per hectare after 13 years ( Rytter, 1995 ) . At the same time, the total production of above-ground woody biomass (standing + thinned) was not signifi cantly different in the thinned stand and in the unthinned stand ( Rytter, 1995 ) . However, mean diameter was signifi cantly larger in the thinned stand. In the present study, the initial density of the stand was 15 750 trees per hectare. In the 12-year-old stand, when CAP had not yet started to decrease, the number of surviving trees was 6800. Considering this, we recommend that a short-rotation grey alder plantation for bioenergy should be planted with a density not higher than 6000 -6500 plants per hectare.
The above-ground and below-ground parts of the stand developed proportionally, the biomass of the coarse fractions of the below-ground part in the 10-year-old stand was estimated at 8.7 ± 0.3 t DM ha Ϫ 1 and in the 5-year-old stand at 1.97 t DM ha Ϫ 1 ( Uri et al. , 2002 ) , which formed 19.1 and 18.7 per cent of the biomass of the aboveground part, respectively.
The increase in the biomass of the fi ne roots from the age 5 years to the age 10 years was modest, from 550 ± 105 to 870 ± 140 kg DM ha Ϫ 1 . Total below-ground biomass (9.7 t DM ha Ϫ 1 ) in the 10-year-old grey alder stand was smaller than the relevant values reported in the literature. According to Saarsalmi et al. , (1985) , the mean biomass of 4-year-old alder roots in a coppiced stand was 5.2 -6.1 t ha Ϫ 1 and the mean biomass of 8-yearold alder roots in a coppiced stand was 12 t ha Ϫ 1 ( Saarsalmi et al. , 1991 ) . The impact of vegetative regeneration on root biomass is not excluded.
At the same time, the biomass and vertical distribution of the nodules remained unchanged during 5 years ( Figure 3 ) , being 156 ± 60 kg DM ha Ϫ 1 in the 10-year-old stand and 169 ± 76 kg DM ha Ϫ 1 in the 5-year-old stand ( Uri et al. , 2002 ) . Both estimations are smaller than it was in 4-year-old grey alder coppiced stand in Finland (250 -290 kg ha Ϫ 1 ) ( Saarsalmi et al. , 1985 ) . It can be concluded that the 5-year-old grey alder stand on former farmland has already formed an optimal biomass of the nodules to ensure sufficient symbiotic N 2 fi xation. The growing site is suffi ciently fertile as most of the annual nitrogen demand in this stand is covered by net nitrogen mineralization ( Uri et al. , 2003b ) and, most probably, there is no need for a larger biomass of the nodules. The short root-specifi c area (m 2 kg Ϫ 1 ) estimated in our earlier study in 1999 was 1.5 times higher (103 m 2 kg Ϫ 1 ) in the studied stand than in natural riparian alder forests, which indicates the use of an intensive strategy for improvement of mineral nutrition ( Lõhmus et al. , 2006 ) . However, the relative share of the fi ne roots and nodules in total below-ground biomass decreased in 5 years. The proportion of the fi ne roots in the below-ground part of the stand was more than two times smaller, and the share of nodules was four times smaller in the 10-year-old stand than in the 5-year-old plantation. The proportion of the below-ground part in total biomass in the present study (16 per cent) remained within the limits of 13 -19 per cent for cold-temperate broadleaved deciduous forests ( Vogt et al. , 1996 ) .
Leaf mass increased up to the sixth year of the plantation and stabilized thereafter. Its average value was ~ 3 to 4 t DM ha Ϫ 1 , except for the extremely dry year of 2002, for which leaf mass was approximately two times smaller. It can be supposed that such leaf mass is optimal for a stand of given density. The leaf mass of 6-to 18-year-old natural grey alder stands in Estonia was in the range 2.9 -4.8 t DM ha Ϫ 1 (H. Tullus, unpublished data ). In Sweden, the leaf mass of older grey alder stands varied between 2.7 and 6.2 t ha Ϫ 1 ( Johansson, 1999a ) . In Finland, the leaf mass of older grey alder stands varied between 1.7 and 2.9 t ha Ϫ 1 ( Saarsalmi and Mälkönen, 1989 ) . The shares of leaf mass in total above-ground biomass in the 5-year-old stand and the 10-year-old stand were quite similar, 29 and 27 per cent, respectively. Hence, a suffi ciently large and effi cient foliage is already formed at a young age.
Average SLA (12.0 m 2 kg Ϫ 1 ) in 1997 -2005 is in good accordance with the data published by Johansson (1999a) (12.8 m 2 kg Ϫ 1 ). As a rule, SLA is related to the photosynthesizing capacity of the tree and to leaf nutrient concentration ( Wright et al. , 2002 ) . After canopy closure, there was strong hyperbolic relationship between NLA and stand age. SLA is a highly plastic characteristic depending on many factors including leaf age and growth conditions. Plants with large SLA can have high growth rate but lower tolerance of nutrient and water defi cit ( Marron et al. , 2003 ) . The value of SLA depended on the crown layer and was higher for the lower layers where the leaves are thinner (shade leaves). Light decreases exponentially in the crown, to which the leaves respond with morphological adaptations. The leaves growing in shade are thinner, which favours light capture in situations where light is limiting, as the light receiving area per mass unit is larger and shading is lower inside the leaf ( Reich et al. , 1997 ) .
In our study, the effect of stand age proved signifi cant for all studied leaf characteristics (leaf area, leaf mass, SLA) but there was no signifi cant trend for any of the characteristics in relation to stand age. However, Kull and Niinemets (1993) pointed out that SLA decreases with increasing tree age. Most probably, increase in SLA occurs during stand development up to middle age, followed by a subsequent decrease with increasing age up to maturity.
LAI increased with age ( Figure 4 ) . The exceptional year was 2002 which was unusually dry.
The obtained values remain in the range reported in the literature . According to a study carried out in Sweden ( Johansson, 1999a ) , mean LAI for grey alder stands aged up to 21 years ranged from 1.61 to 5.05 m 2 m Ϫ 2 .
For calculating FOE and PNUE, we assumed that the maximum of total biomass as well as that of foliage biomass occur at the end of the vegetation period, i.e. in the middle or at the end of August. On the bases of N concentration and foliage biomass, it is possible to estimate bulk N accumulated in the foliage, and as the annual production of the leaves and foliage biomass are equal, the amount of the nitrogen accumulated in foliage biomass is equal to annual N demand. As the retranslocation fl ux of N from the leaves in alders is low ( Dawson and Funk, 1981 ; Lõhmus et al. , 2002 ; Uri et al. , 2002 ) , no marked changes in the amount of nitrogen invested in the foliage take place in August.
After canopy closure, FOE and PNUE were the highest in the years when LAI was at minimum, i.e. the years with unfavourable weather conditions (drought). When leaf mass and LAI decrease, the assimilation capacity of the leaves increases in order to ensure growth and development of trees. Hence, unfavourable weather conditions in the dry years were partly compensated for by higher FOE and higher nitrogen productivity.
Conclusions
Biomass production in the studied stand was high, which shows that short-rotation grey alder stand on abandoned agricultural land can be a promising source of bioenergy. High productivity is ensured by an effective structure of the crown and the root systems, as well as by the nitrogen utilization and assimilation effi ciency of the foliage. As the present investigation is a pilot study, short-rotation grey alder stands growing on abandoned agricultural land with different soils and densities deserve further research.
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